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Abstract

A detailed study of the betatron stochastic cooling in the Debuncher
1s presented. First, a complete theoretical model including the emittance-
dependent signal-to-noise ratio as well as time-dependent mixing is cou-
structed. The emittance measurements in the Debunclier are described and
it is shown that the model is in excellent agreement with the experiimental
data. The idea of gain shaping is proposed and it is shown that the gam
shaping would improve the cooling of the beam. Several proposals for fu-
ture improvements are studied and appraised, in particular, gain shaping,
ramped 7, and cryogenic and “smart” pickups and kickers. Finally, the de-
mands which the Main Injector will impose on the Debuncher are analyzed
and a design of the hetatron stochastic cooling system for the Main Tnjector
era 1s outlined.



1 Introduction

Presently, the Fermilab Antiproton Debuncher accepts 4x 107 antiprotous
every 2.4 seconds and prepares them for injection into the Accumulator for
stacking. Besides the bunch rotation, the stochastic cooling of the antipro-
ton beam is the essential part of this process. The initial rms emittance of
the antiprotonn heam injected from the target is approximately 7.5 7 mun
mrad, while the emittance of the extracted beam is about 1 # mm nrad.
With the advent of Main Injector, the number of antiprotons injected into
the Debuncher is expected to increase threefold, while at the same time the
period between injections should decrease to 1.5 sec. Since the cooling rate
is inversely proportional to the number of particles in the beam, this will in-
evitably lead to slowing down the rate at. which the antiproton beam is cooled
and in addition allow less time for the cooling process. Based upon these ob-
servations an upgrade of the stochastic cooling systems in the Debunclier 1s
necessary.

In Section 2, the question of gain optimization in the present systein is
examined and the notion of gain shaping introduced. A Drief description
of the measurement results is given in Section 3. It is shown that these
results are in excellent agreement with the theoretical model. In Section
4, the theoretical model is further improved by including the effect of time
dependent mixing which is due to the momentuin cooling in the Debuncher.
Next, a detailed discussion of gain shaping is taken up in Section 5. In
Section 6, the betatron cooling system equipped with “smart”picknps and
kickers whose gap is determined by the emittance of the beam is studied.
They offer a dramatic improvement of the performance of the system and
will presumably have to be implemented in the Main Injector era.

Section 7 deals with the demands on the Debuncher in the Main Injector
era. It is shown that major upgrade of the cooling system will he necessary,
and main options for the upgrade are discussed. Finally, an outline is given
of what might be the only possible design of the stochastic cooling system
for the Main Iujector era.



2 Which optimal gain?
The process of hetatron cooling is described by the differential equation

de %%

7 57\7(2—9(M+U))f, (1)

where W == f,.. — fuin 18 the amplifier bandwidth, N is the munber of
patticles in the beam, ¢ is the system gain, M is the mixing factor, and 17 is
the noise to signal ratio.

The mixing factor is basically the number of turns a particle needs to
make in order to leave the original sample. It is thus determined by the
amplifier bandwidth, the momentum spread of the beam and the slip factor
nn of the machine,
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where 1(p) 1s the momentum distribution of the particles, py the energy of
the central orbit, and fy the revolution frequency. The munerical value of
the mixing factor with é;ﬂ = 0.3% 1s about 10. Due to momentun cooling m
the Debuncher, the momentum spread is reduced by about a factor of two
during the cooling cycle. This time dependence of M is discussed in Section

4,

Since the signal is proportional to the emittance of the beam, while the
noise is generated by the electronics hardware, it is convenient to write the
noise-to-signal ratio as _

= f—tﬁ, (3)

¢
where the “thermal emittance” ey, is a hardware parameter which represents
the thermal noise of the systeni e, is given by the formula!

Qk(TR + inu.p)hz
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where k is the Boltzmann constant, T and T,,,, the absolute temperatures
of the resistors and the amplifier, & the pickup and kicker gap, d the pickup
and kicker sensitivity, Zy pickup and kicker characteristic impedance, ¢ the
electron charge, n, the number of picknps and kickers, and 3 the valne of



B function at the position of pickups and kickers. Usually, I/ is taken to be
constant, in which case the cooling rate is also constant,

1w |
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I the Debuncher, however, the emittance changes by an order of magnitide
during the cooling cycle and I/ =const. 1s a poor approximation. Because of
this, the optimal value of the gain cannot be determined from the coefficients
of the differential equation (1) alone. Rather, we have to solve the equation
and study the emittance evolution for finite times. As we shall see, due to
the rapid change of emittance during the cooling process, the noise term ¢y, /¢
becomes the dominant limiting factor toward the end of the cooling cycle.
The differential equation {1) can be solved analytically and the solution

: g___. W (2 g M)(t'—t) g

e(g,t) = | e(g,t) — | erw (3 —
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where t' is an arbitrarily chosen time. Because ¢(g,0) = ¢(0,#) = ¢yt 1s

convenient to choose t' =0, 4.¢c.
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The three dimensional plot ¢(g,t) 1s shown in Fig. 1. The meaniug of the
optimal gain is now clear: if the gain is too small the time constant

I/V 5 -1
7= {y5 (2 gM)}

is large and the cooling is slow; if 1t s too large, the asymptotic value of the
emittance

i
oo = ———
2—gM

1s large, despite the fact that the mitial cooling rate may he lugh.

€ih



lllllll

mmmmmmm



In conclusion, the correct definition of the optimal gain is:

The optimal quin is the gain which leads to the minemael value of the canid-
tance at the end of the cooling cycle.

The optimal gain clearly depends not only on hardware parameters hut
also on how long the cooling cycle is — for short cooling cycles we shonld
use a larger gain, for long cooling cycles a smaller gain should be nsed. If
the cooling cycle has a duration #., the optimal gain i1s the solution of the
equation _

delg,td _
dg

After some algebra, this equation becomes

N(er 5 @=oM) S e (1 - g M2 — gM)(2 — gM — =) (6)
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where €5 = ¢(0). For the present values of the hardware parameters and the
beam intensity, the optimal gain as a function of the duration of the cooling

cycle is shown in Fig. 2.
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FIGURE 2 The optimal constant gain as a function of the duration of the cooling

cycle.
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In practice, one deals with power rather than with the gain. If the gain
phase is less than 30° thronghout the passband (and in practice it is less than
that}, the power 1s approximately proportional to the square of the gain:

P = C"yzw

where C depends both on hardware and lattice parameters. With this, Eq.
{5} becomes

P
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This expression can be directly compared with measurement.
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3 Measurement Results

Both transverse emittances were measured? at the end of the cooling cycle
for a range of stochastic cooling power levels. An emittance measurement
was performed in the following way. The power in the desired cooling system
was set at a given value, the hbeam was injected and the cooling was turned
off after 2.3 seconds. The emittance was then measured by using the scraper
(see Appendix). This procedure was repeated at a new value of the power,
while the power in the other system was kept at the constant setting. These
measurements were done in both transverse cooling systems at the intervals
of about 100 Watts from 0 to 1500 Watts. The results ave shown in Figs. 3
and 4.
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FIGURE 3 The dots are the measnred values of the horizontal emittance after 2.3
seconds of cooliug for various values of horizoutal power. The power 1 the vertical system
was kept at 1117 Watts throughout the measarement. The solid line is the theoretical
result, Eq. (7)), with e;y, and  as in Egs. (8) and (10).
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FIGURE 4 The dots are the measured values of the vertical emittance after 2.3 seconds

of cooling for various values of vertical power. The power iu the horizontal system was
kept. at 1250 Watts throughout the measurement. The solid Hne is the theoretical result,
Ee. (7), with e, and €7 as in Eqs. (9} and (10).

From the emittance mesurements the values of ¢, and ' were derived hy
fitting the curve e(P) at ¢t =2.3 seconds to the data. For M the computed
value of 10 was used. The hest fit is obtained for

e (horizontal) = 72.2 7 mm mrad, (%)
e (vertical) = 75.4 = mm mrad, (%)

and
C =4.44 x 10" Watts, (10)

The corresponding curves are shown with the data in Figs. 3 and 4. Based
upon the observed fit, we conclude that the theoretical model, Eq. {1). 15 in
excellent agreement with the experimental data.



4 Time-Dependence of Mixing

Due to momentum cooling in the Debuncher, the momentum spread 1s
reduced by about a factor of two during the cooling cycle. Since the mixing
factor M 15 inversely proportional to the momentum spread, it increases
by the same factor. How does this time dependence of mixing affect the
perforimance of the cooling system?

The cooling equation (1) now las to be replaced by one with AM(#) =
Mo(1 + L), where My = M(0) = 10 is the constant value we wsed before and
t. the duration of the cooling cycle. The new equation is

de w I ew

[t turns out that this equation, too, can be solved exactly, leading to the
solution

2 — gﬂi’u 4 g Wil o g My~ Lond, - i
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(12)
As expected, the emittance 13 going to be larger due to the larger mixing
factor. This effect is llustrated clearly in Fig. 5, in which the emittances for
the constant and time-dependent mixing are compared for the typical values
of the Debunclhier parameters. It 1s unportant to understand the magnitnde
of the effect of time dependent mixing. At the optiinal gain, the emittance
with a constant mixing factor turns out to be 13 % smaller than with the
time dependent one. This is the size of the improvement that can he expected
under a proposed scheme? in which the Debuncher lattice is ramped during
the cooling cycle such that the mixing factor remains constaut. (Note that
the change in 5 can offset a change in %ﬁ such that M remains coustant,

Ee.(2).)
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FIGURE 5 The effect of time-dependent mixing. The top curve correspouds to the
mixing-factor increase from 10 to 20 during the 2.4 seconds cycle in the Debnucher. The

bottom eurve is for constant mixing equal to 10.

10



5 Gain Shaping

The optimal gain so far was defined as the optimal constant gain. This
gain is, however, optimal only in the average sense, since the cooling 1s power
limited at the beginning of the cycle and noise limited in the second half of
the cycle. We may try to vary the gain in time such that the cooling ratce
is maximized at every instant tlionghout the cyele. This is the wlea of gum
shaping.

The stochastic cooling system with the gain shaping can be modelled
in the following way. From the differential equation (1) we see that the

instantaneous cooling rate 1 5¢ is maximized for gain
€
gapt = .
Me + €1

The optimal gain is a function of the emittance and, as we anticipated.
increases with the emittance. The differential eqnation for the time evolution
of the emittance with this optimal gaiu is

€\ ele W
M4 —) — = ——dt.
( * € ) ¢ N(

This equation can be solved analytically, albeit ouly in the implicit form

: 0 |5 “oh .
Min 2 g &0y O (13)
€ € N €

This, of course, can be solved numerically {see Fig. 6}, but even without
that we can see that the emittance is an ever decreasing function of time:
We?
lwf + €l

£ =

which is negative for all times #. For long cooling times the emittauce goes
to zero {and not to a finite value)

b = 0

as can be directly verified from (13).
The emittance as a function of time is shown v Fig. 6 and the corve-
sponding gain shaping i Fig. 7.
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FIGURE 6 The horizontal emittance as a function of time for ideally shaped gan.

The emittance approaches zero and not a finite value.
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FIGURE 7 The ideal gain shaping for the Debuncher with the present valnes of pa-

rameters. The average power is 2277 Watts,



6 Smart Pickups and Kickers

Pickups and kickers can be made such that their gap increases o1 decreases
proportional to the beam size (i.e. to the square root of the emittance). In
the Debuncher, this would increase the signal-to-noise ratio up to a factor of
seven — a dramatic improvement, particularly relevant for the Main Injecto
era, as will be discussed in Section 7. Counsider an example of a typical
improvement of the Debuncher performance under the proposed sclieme. Tf
the present Debuncher were equipped with smart pickups and kickers, a final
emittance of 1 7 mum mrad could be aclieved with only 350 Watts per plane
which is less than a third of the present power, Fig. 8.

Final Emittance {pi mm mrad)
F =9

0 1 Il Il i

0 0.005 0.0 0.015 0.02 0.025 .03
Gain

FIGURE 8 Final emittance #s. gain plot for the present Debuncher stochastic cooling
systemn equipped with smart pickups and kickers. The final emittances of 1 # nomn mrad
can be achieved with 350 Watts per plane, less than a third of the present power. (Use

galn-to-power conversion from Section 3.)



By running at 1500 Watts, the emittance would reach 0.2 7 nun mrad at
the end of the 2.4 seconds cycle, Fig. 9.

Emittance (pi mun mrad)

() L 1 1 1

0 0.5 1 1.5 2
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FIGURE 9 Time evolution of emittance with the present Debuncher stochastic cooling

system equipped with smart, pickups and kickers and run at the constant power of 1500
Waltts.

Here it was assumed that the motion of pickups and kickers fully compensates
the emittance dependence of the signal-to-noise ratio. In that case the term
e /e in Eq. (1) 1s constant and the optimal gain is also constant. One can
also envisage a system in which the needed compensation is partly achieved
by using the smart pickups and kickers and partly by nsing the gain shaping.
As will be pointed out in Section 8, the smart pickup and kicker proposal will
be a strong candidate amoungst the design possibilities m the Main Injector
era.
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7 Debuncher in Main Injector Era

As mentioned before, in the Main Injector era there will be a threefold
increase in the beam intensity in a 40% shorter cooling cycle. It is interesting
to study the performance of the present stochastic cooling system nuder these
new conditions. The time evolution of the emittance is shown n Fig. 10.
As cau be seen clearly from the figure, the value of the emittance after 1.5
seconds is approximately four times larger than permissible.

Emittance (pi mm mrad)
ey

1l o 1 1 L 1 i 1

] 0.2 (1.4 {LO K | 12 1.4
Time (secomls)

FIGURE 10 The horizontal emittance i1 the Debuncher with the Main-Injector-era

beam and with the present stochastic cooliug system i at 2000 Watts {present naxi-
nam).



The list of upgrade options includes:

Increase in cooling power.

Gain shaping.

Cooling of the resistors to 20 deg. Kelvin {gaseous helium).
Smart pickups and kickers.

Increasing the bandwidth to 4-8 (GHz.

N

Any upgrade scheme will undoubtedly consist of a combination of several
of these. It is of interest therefore to examine the limits of each option.

L6



1. Increase in cooling power

The (horizontal) emittance at the end of the 1.5 seconds cycle as a func-
tion of gain is shown in Fig. 11. The model also includes the time dependence
of mixing (see Section 4). The optimal gain correspouds to 6100 Watts per
plane, achieving the emittance of 3 # mm mrad at the end of the cycle.
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FIGURE 11 The horizontal emittance in the Debuncher as a function of gaiu. The

optimal gain corresponds to 6100 Watts,
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2. Gain shaping

The gain shaping would lower the emittance to 1.8 » mun mrad bhut re-
quires enorinous peak power of 25 kilowatts per plane at the beginning of
the cycle. The average power is 15 kilowatts.
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FIGURE 12 The tiue developient of the horizontal emittance with the optinally

shaped gain. The final emittance is L8 7 mun mrad.
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FIGURE 13 The optimal shape of the power which produces the emittance of Fig.

12. The average power is about 15 kilowatts.
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3. Cooling the resistors

Cooling the resistors to T' = 20 YK {instead of present 80 "K) will decrease
€, by a factor
10480
40420 7

¢f. Eq. (4). The final emittance is reduced by only an insignificant amount,
as can be seen in Fig. 14. If combined with increased power, the emittance
can be further reduced to about 3 # mm mrad as shown in Fig. 15, It turns
out, however, that this nimprovement is not sufficient for the Main Injector
era, unless one uses very high bandwidth (e.g. 8-16 GHz) amplifiers, as
discussed in Section 8.
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FIGURE 14 Time evolution of the emittance with T = 20" K. Compare witl Fig.
10.

The optimal gain is again obtained from the emittance-gain plot, Fie. 15
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4. Increase the bandwidth
Doubling the bandwidth to 4 GHz doubles the cooling rate. The optimal

constant power turns out to be 4800 Watts per plane, leading to the emit-
tance of 1.5 m mm mrad, Fig. 16.

Final Emittance (pi mm mrad)
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FIGURE 16 Emittance vs. gain with W = 4 GHe.
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5. Smart pickups and kickers

Smart pickups and kickers offer dramatic improvement in achievable emit-
tances. Actually, they are the only possibility if we do not contemplate exotic
bandwidths. The resulting emittance vs. gain curve is given in Fig. 17. The
optimal power is about 25 kilowatts and the final emittance 1.2 7 mm mrad.
Note that by running at only 2000 Watts the emittance is only larger by a
factor of 2.5, Fig. 18. This can easily be reduced to 1 7 mm mrad by using
higher bandwidth as will be shown in Section 8.

Final Emittance (p1 mm mrad)

0 1 1 i 1 L 1 1 ) )
{) 0.01 002 {103 .04 X1 0.06 0.407 (1K (LY LN
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FIGURE 17 Emittance wvs. gain plot for Main Injector era beam with smart pickups

and kickers. The optimal power 15 about 25 kilowatts,
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FIGURE 18 The time evolution of emittance with smart pickups and kickers run at
the presently maximal power of 2000 Watts.



8 A Design for the Main Injector Era

The present study suggests that the final emittance of the order of | =
mm mrad can only be achieved with the bandwidth increase accompanied
by a signal-to-noise enhancement, such as smart pickups and kickers or cold
resistors. It 1s important to point out that doubling the bandwidth to 4
GHz effectively excludes the option of cold resistors as the required power
1s inpractically high. The emittance in this case cannot he lowered to | 7
mm mrad with less than about 6000 Watts per plane, as shown 1 Fig. 19.
If one chooses a higher bandwidth, the possibility of using the cold resistors
becomes again viable. Therefore, it appears that the smart pickups and
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FIGURE 19 Emittance vs. gan for W = 4 GHz and cold resistors. The smallest

achievable emittance is 1 7 mm mrad at power level of 6000 Watts per plane.

kickers remain as the only possibility if we do not wish to use handwidths
higher than 4-8 GHz and power liigher than abowl 3000 Watts in each plane.
As an exaple, if the pickups and kickers are constructed with the gap vary-
ing between 1.1 and 3 cm the system wonld have a constant signal-to-noise



ratio throughout the cycle and the optimal gain shape would be constant.
The calculation shows that warm pickups and kickers provide satisfactory
performance, thus there is no need to build smart and cryogenic pickups and
kickers which would be technologically much more difficnlt to realize. The
outline of a design of a viable system and its calculated performance are given
in the Table 1 and the corresponding emittance »s tune plot o Fig. 20.

PARAMETER VALUE
Amplifier bandwidth 4 (GHz
Maximal power 2800 Watts per plane
Pickup/kicker gap variable 1.1-3.0 cin
Pickup temperature 80 + 40 K
Final emittance 1 7 mm mrad

TABLE 1 The hasic parameters of the betatron cooling system for the Main Injector

era.
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FIGURE 20 Emittance vs. time for W = 4 GHz and smart. pickups and kickers The
power s 2800 Watts per plane.



Appendix

Measuring Transverse Emittance by Using Scrapers

Consider the beam with a Gaussiau distribution in phase space:

A AN ﬁ (A For)?) f 202
ple, ') = Szt .

The rms emittance of the heam is defined as ¢ = /3. How does one de-
termine the rms emittance from the scraper measurement? As the scraper
moves toward the center of the beam, the outer layers are “peeled oft” as
shown i1 Fig. 21. The measured beamn current is proportional to the

- / "!".‘f('.l'rr,w ¥ A

FIGURE 21 The beam ellipse defined hy the scraper position.

fraction of the beam nside the aperture defined by the scraper position wr,

f = ﬁ / dacda! ¢~ H B F o)) 20?
2ot ellipse

J=1 =t
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The fractional beam current as a funetion of @,/ is shown in Fig. 22. This
1s to be compared with a typical measurement shown in Fig. 23.
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FIGURE 22 Beam current ws. scraper position for Gaussian heamn.
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FIGURE 23 Bean current ws. scraper position - measnrement data.



The goal is to obtain the ¢ of the distribution as a function of x, and [,

2

) T
0_2. _ 2[ ] ;

n gty
The rins emittance is then ,
(_. —_ ;’:5

=t

23 In = 7

This is the formula used in the measurement of emittance discussed in Section
3. The procedure in these measurements consists of reading [ and -, from
the data such as those in Fig. 23. Since the 3 function at the position of the
scraper i1s known, the rins emittance is obtained from the above expression.
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